A quantitative method of analysis for 2-aminoethylphosphonic acid (AEP) was developed using reverse-phase HPLC. The detection limit for AEP was 15 nM, and the detector response (peak area) was linear from AEP levels up to 100 gM (R --.99). Mean recovery of AEP added to strained ruminal fluid from faunated sheep was 98.2%. When AEP was added to a fermentation mixture at a concentration of 22.6 ~tg/ml, 78% disappeared during a 24-h incubation. 2-Aminoethylphosphonic acid was readily detected in preparations of mixed ruminal ciliate protozoa as well as in mixed and pure strains of ruminal bacteria, feedstuffs, and ruminal fluid and duodenal digesta from defaunated sheep. The occurrence of AEP in feed and bacterial hydrolysates was confirmed by organic phosphorus analyses. The concentration of AEP in mixed ruminal protozoa was three times greater than its concentration in mixed ruminal bacteria (4,304 vs 1,383 lxg/g DM, respectively). The AEP values for pure ruminal bacterial cultures ranged from 733 btg/g DM in Bacteroides succinogenes B21a to 1,166 ~g/g DM in Butyrivibrio fibrisolvens H17c. Ruminal fluid and duodenal digesta from defaunated sheep contained AEP concentrations of 30 ~g/ml and 90 ktg/g DM, respectively. The concentration of AEP in feedstuffs ranged from 25 ~tg/g DM in wheat straw to 263 ~g/g DM in oats. Because AEP occurrence is not limited to ruminal ciliate protozoa, it is of little value as a marker for protozoal presence in or passage out of the rumen.
Introduction
2-Aminoethylphosphonic acid (AEP), sometimes called Ciliatine, is a naturally occurring organophosphorus compound conraining a C-P bond resistant to acid hydrolysis. 2-Aminoethylphosphonic acid was first isolated in ruminal ciliate protozoa by Hofiguchi and Kandatsu (1959) Received May 27, 1988 . Accepted September 22, 1988 proposed as a ciliate protozoal N marker (Abou Akkada et al., 1968) . However, reports on the validity of AEP as a marker for ciliate protozoal N are contradictory. Whereas some researchers have reported the unique presence of AEP in ciliate protozoa and its absence in feeds and ruminal bacteria (Abou Akkada et al., 1968; EI-Shazly et al., 1975; Dufva et al., 1982) , others have found substantial quantities of AEP in ruminal bacteria (Czerkawski, 1974; Ling and Buttery, 1978; Cockburn and Williams, 1984) and in feed (Ling and Buttery, 1978; Cockburn 1982) . Still others (Rahnema and Theurer, 1986) could not detect AEP in acid hydrolysates of either ruminal protozoa or abomasal digesta. These discrepancies in the literature on the occurrence of AEP in nature may be the result of inadequate methods for analysis of this compound. The objectives of our study were 1) to develop a simple, sensitive and direct method of analyzing for AEP, using reverse-phase HPLC, 2) to determine the fermentability of AEP by mixed ruminal bacteria in vitro and 3) to determine the occurrence of AEP in feeds, ruminal microorganisms and gastrointestinal contents.
Experimental Procedure
Apparatus. A Beckman Gradient HPLC System 4 (Model 334) consisting of two solvent delivery pumps 4 (Model ll0B), a system organized (Model 210A), a controller 4 (Model 421A), a fluorescence detector 4 (Model 157), an integrator (Model 427) 4 and a reverse-phase analytical column (250 x 4.6 mm i.d.) packed with C-18 ultrasphere 5 ~tm spherical 80A pore was used.
HPLC Procedures. The procedure was a modification of the HPLC method developed by Lindroth and Moper (1979) for the determination of subpicomole amounts of amino acids. One hundred fifty microliters of orthopthalaldehyde (OPA) derivatizing reagent was added to 90-~tl of sample (acid hydrolysates or AEP standards s) and mixed well. A 20-I, tl injection of the mixture was made after precisely 1 min of incubation. The solvent gradient started at 45% methanol and 55% buffer; .1 min after injection, the percentage methanol was increased by 3%/min up to 75% methanol within 10 min. The gradient remained at 75% methanol for 11.9 min, by which time the AEP and all the amino acids had eluted. At the end of the run, initial conditions were restored by decreasing the methanol to its initial value of 45% within 4 min (i.e., 7.5%/min), and maintaining it for 9 rain at this gradient to allow equilibration of the column before injecting the next sample. Total run time including equilibration was 35 min. Flow rate was constant at 1 ml/min; column temperature was ambient.
Reagents. The solvents used were HPLC grade methanol and a combination of phosphate and citrate buffer. The buffer solution was prepared by mixing 1 liter each of .1 M monosodium phosphate and .1 M disodium phosphate plus two to four drops of a 4Beckman Instruments, Inc., San Ramon, CA. SAldrich Chem. Co., Milwaukee, WI. *Fisher Scientific Company, Fairlawn, NJ. pentachlorophenol solution (.125 g pentachlorophenol in 25 ml ethanol). Five hundred milliliters of the phosphate buffer then were added to 2 liters of. 1 M trisodium citrate and titrated to pH 6.2 with dilute sulfuric acid before degassing and adding 62.5 ml HPLC grade tetrahydrofuran.
The OPA derivatizing reagent was prepared by dissolving 200 mg OPA in 2.5 ml HPLC grade methanol. Mercaptoethanol (200 lxl) was added and the solution was diluted to 25 ml with 1 M potassium borate. Brij-35 solution s (.5 ml) was added and the solution was mixed gently and stored in a dark brown bottle under refrigeration for at least 1 d before use. To keep the reagent reduced, 20 ~tl mercaptoethanol was added every 3 to 4 d. The refrigerated (4~ reagent was usable for at least 1 too.
Linear#y, Precision and 2-Aminoethylphosphonic Acid Recovery. Four identical gradient runs were performed for AEP standard solutions ranging in concentration from .0002 ktg/ ml to 18.76 ktg/ml in order to determine the linear range, precision and limit of detection of AEP. Fluorescence response was measured using peak area. Linear regression procedures (Steel and Torrie, 1960) were used to determine the correlation coefficient for AEP peak area vs concentration of AEP injected. Ruminal contents from faunated, ruminally fismlated Targhee sheep fed a pelleted diet (45% corn cobs, 35% alfalfa, 13.1% oats, 5% molasses, .4% urea and 1.5% mineral-vitamin mix) were strained through two layers of cheesecloth, and 50-ml aliquots of the resulting ruminal fluid were spiked with 0, 400, 800, 2, 000 or 4,000 I.tg AEP standard. Duplicate samples of ruminal fluid containing each AEP level were lyophilized prior to acid hydrolysis and subsequent assay for AEP. The AEP recovery data were analyzed by ANOVA procedures (Steel and Totrie, 1960) for a completely randomized design with four amounts of AEP added and duplicate samples for each level tested. The statistical model contained effects due to level of AEP addition.
Acid Hydrolysis Procedures. Feedstuffs, mixed and pure strains of ruminal bacteria, mixed ruminal protozoa, ruminal fluid and duodenal digesta from faunated and defaunated sheep each were hydrolyzed in sealed 100-ml serum vials with 6 N HCI in the presence of 20 ktl of mercaptoethanol for 24 h at 110*C under nitrogen. The hydrolysate was filtered through Whatman No. 541 filter paper and the residue was washed several times with. 1 N HCI into the filtrate. The filtrate was evaporated to dryness under reduced pressure at 50"C in a rotary evaporator and diluted to the desired volume with deionized water. The sample then was filtered through a .45-~m filter prior to AEP analysis by I-IPLC.
Organic Phosphorus Analysis. The quantitation of AEP by HPLC was validated by comparing AEP measurement by HPLC with a modification of the AEP organic phosphorus assay of Abou Akkada et al. (1968) . The AEP phosphorus was determined in feed and bacteria by measuring the difference between total phosphorus formed on combustion and inorganic phosphorus formed on acid hydrolysis. Attempts to determine AEP phosphorus in a small amount of feed (1.5 g) were not successful due to the relatively small amount of AEP phosphorus compared to inorganic phosphorus. Consequently, larger amounts of feed were used in order to concentrate the AEP. In addition, inorganic phosphorus in the hydrolysate was removed using cation exchange resin. Approximately 20 g of feed and 1.2 g mixed ruminal bacteria were hydrolyzed separately in 6 N HCI, filtered, partially dried and brought to a 100-ml volume with deionized water. A strongly acidic cation exchange resin (Dowex 50W-x4 200 to 400 mesh, H § form) was placed on ashless Whatman No. 42 filter paper in a Buchner funnel and washed with deionized water using suction until the filtrate became neutral, indicating that any excess acid had been removed. The hydrolysate was poured onto the resin bed and washed repeatedly with deionized water to flush any material not adsorbed by the resin into the filtrate. This filtrate was found to contain only a minute trace of ninhydrin-positive material. The resin bed then was washed with a 50% NH4OH solution until all of the ninhydrin positive material had been eluted, as determined by spotting successive portions of the eluate on filter paper, drying and spraying with .25% (w/v) ninhydrin in 95% ethanol and redrying at 65~ for 2 to 5 min. Ammonia was removed from the eluate by boiling, and the eluate was brought to a volume of 100 ml with deionized water.
Samples of the eluate were used for the determination of AEP concentration by the HPLC technique and by organic phosphorus analysis. A sample of the eluate also was rehydrolyzed with 6 N HC1 and analyzed for inorganic phosphorus. Total phosphorus in the eluate was determined after oxidizing three replicates of 10 ml eluate with 5 ml HNO3 and 2.5 ml HCIO4 for 4 h at an initial temperature of 100*C, rising gradually to a final temperature of 200"C. Phosphorus then was determined using molybdovanadate reagent (AOAC, 1975) . Inorganic phosphorus in the eluate and re-hydrolyzed eluate also were determined using this phosphorus assay. Precaution was taken to avoid exogenous phosphorus contamination by steeping all glassware used for the phosphorus analysis in weak HCI solution overnight prior to thorough rinsing with deionized water.
Isolation of Mixed Ruminal Bacteria and
Protozoa. Mixed bacteria were obtained from ruminal contents of a defaunated sheep. The sheep was defannated by adding dioctyl sodium sulphosuccinate (3 g/d for 3 consecutive days) into the rumen via the ruminal cannula. Starting the 2nd d after initial dosing with dioctyl sodium sulphosuccinate, the sheep was infused every other day with a highsubstrate casein hydrolysate (20 g corn starch, 40 g sucrose and 20 g casein hydrolysate in 300 ml of water) for 7 d. The defaunated sheep was housed in a separate room to prevent protozoal inoculation from faunated animals. The defaunation procedure was successful in maintaining the sheep protozoa-free as determined by microscopic examination of ruminal fluid. Approximately 1 mo after defaunating the sheep, ruminal contents were collected and strained through two layers of cheesecloth and the fluid was centrifuged at 150 x g for 10 min. The supernatant fluid then was centrifuged at 20,000 x g for 15 min. The resulting supernatant fluid was discarded and the bacterial pellet was washed three times by resuspension in water and recentrifuging. The washed bacterial pellet was lyophilized, ground and redried in preparation for acid hydrolysis. To obtain protozoal isolates, ruminal contents of faunated sheep were squeezed through two layers of cheesecloth to remove large feed particles. The resulting fluid then was diluted 1:1 (v/v) with phosphate buffer (pH 6.5) and incubated for 24 h at 39~ in separatory funnels equipped with Bunsen valves. The feed-free, off-white mass at the bottom of the funnels was collected, diluted with its own volume of water and centrifuged at 150 x g for 15 min to isolate the protozoa. The resulting protozoal sediment was washed three times by resuspension in water and centrifuging. Microscopic examination of a sample of the protozoal pellet showed that it was free of feed particles. The isolated protozoa were lyophilized, ground and redried in preparation for acid hydrolysis.
Pure ARD-5d (Dehority, 1963 , 1969 were analyzed for AEP content. The bacterial cells were isolated and handled as described above for mixed cultures.
In Vitro 2-Aminoethylphosphonic Acid Fermentation. Rate and extent of AEP fermentation by mixed ruminal bacteria were determined in vitro using inoculum from the rumen of a defaunated sheep. The inoculum was prepared by straining ruminal contents through one layer of cheesecloth to remove large feed particles. Microscopic examination of a sample of the inoculum showed that it was free of ciliate protozoa.
Extent of AEP fermentation by mixed ruminal bacteria was determined in vitro using 0 (blank), 240 or 720 ktg AEP per tube. There were three replicates and two incubation times (0 and 24 h) for each level of AEP. Each tube contained .5 g substrate (the corn cob-alfalfabased sheep diet described previously, 20 ml McDougall's artificial saliva (McDougall, 1948) , 10 ml ruminal fluid as inoculum and the appropriate level of AEP. The levels of AEP used for this study were chosen to approximate concentrations previously reported (EI-Shazly et al., 1975) . Immediately after addition of AEP and inoculum, the tubes were flushed with CO2, stoppered with Bunsen valve stoppers and incubated at 39"C. Tubes were swirled every few hours. Fermentation in the tubes was stopped by adding 1 ml of 5% HgCI2 per tube. Contents of each tube then were diluted to a volume of 50 ml with deionized water, mixed well by shaking and centrifuged at 20,000 x g for 10 min to remove bacteria and feed particles. The resulting supernatant fluid was analyzed for AEP in duplicate using HPLC procedure as described previously. For each level of AEP used, AEP disappearance was calculated as the difference between AEP recovered at 0 and 24 h of incubation. The AEP disappearance data were analyzed by ANOVA procedures (Steel and Torrie, 1960 ). The statistical model contained effects due to initial level of AEP.
The rate of AEP disappearance was determined in a similar manner with incubation times of 0, 3, 6, 9, 12 and 24 h. For each incubation time, duplicate tubes containing 0 (blank) or 1,130 l.tg AEP were used. Subsequent to determining the extent of AEP fermentation, AEP concentration in ruminal fluid from faunated sheep as determined in our laboratory by the HPLC procedure was approximately 50 ktg/ml. The concentration of AEP added to determine rate of AEP fermentation was chosen to approximate this concentration. A total of 24 in vitro tubes were used. The rate of AEP disappearance was calculated as the slope of the regression of the natural logarithm of percentage of residual AEP against time.
Results and Discussion
The nature of the chemical reaction involved in the derivatization of AEP with OPA under alkaline conditions in the presence of a reducing agent and subsequent detection of the isoindole product by fluorimetry is similar to that reported for amino acids by Lindroth and Mopper (1979) . Several solvent gradients were tried, but the gradient reported was the most successful in eluting AEP from a standard amino acid mixture (AA-S-18, Sigma Chemical Co.) and protein hydrolysates. Under the I-IPLC conditions reported, AEP eluted as a single symmetrical peak at 9.4 min and by 22 rain into the run, all the amino acids in the standard amino acid mixture and protein hydrolysate had eluted. The elution time of AEP is short compared with values reported for other direct methods of analyzing AEP. Using automatic amino acid analyzers, AEP elution times of 27 to 28 min (Ibrahim et al., 1970; Mackie, 1973) , 52 min (Ling and Buttery, 1978) , 50 min (Cockburn and Williams, 1982) , 33 rain (Dufva et al., 1982) and 93 min (Rahnema and Theurer, 1986 ) have been reported. The HPLC method is, therefore, more rapid than the direct methods presently available for analyzing AEP quantitatively.
The standard curve of AEP concentrations, as measured by peak areas, was linear from .0019 ktg/ml (15 nM) to 12.5 ~tg/ml (100 ktM). The correlation coefficient in this linear range was .99 (Figure 1 ). The HPLC technique is highly sensitive, with an AEP detection limit of .0019 lag/ml. The fluorimetric procedure is known to be about t00 times more sensitive than colorimetric procedures such as ninhydrin (Roth, 1971) . The mean coefficient of variation for AEP concentration in the linear range was 2.1, with a range of .6 to 5.8%. The percentage recovery of AEP added to ruminal fluid of faunated sheep was 97.4 to 98.7 (Table  1 ). The spiked levels of AEP were chosen based on preliminary analysis that showed that 50 ml of ruminal fluid of faunated sheep contained approximately 2,000 lag AEP. The AEP recoveries did not differ (P > .05) due to amount of AEP added to the sample.
In order for AEP to be valid as a ruminal ciliate protozoal marker to determine protozoal N contribution to total protein in the duodenum, any AEP from lysed protozoa or other sources must be degraded completely in the rumen. Information on the fermentation of AEP by ruminal microorganisms is limited. Data regarding extent and rate of AEP fermented in vitro (Table 2 and demonstrate the ability of ruminal microorganisms to ferment AEP. When initial (0 h) AEP concentration was 5.40 lag/ml, 100% of the AEP was fermented by 24 h of incubation. During the 24-h incubation, 95.8% of the AEP was fermented when the initial AEP concentration was 15.33 ktg/ml, which was lower (P < .01) than for the incubations with an initial AEP concentration of 5.4 lag/ml. In contrast, Cockburn (1982) , as reported by Cockburn and Williams (1984) , suggested that AEP was not fermented in vitro. In a subsequent study, Cockburn and Williams (1984) showed that pure AEP infused into the rumen of both faunated and defaunated steers disappeared more rapidly than did polyethylene glycol infused at the same time; its disappearance could not be correlated with an increase in AEP content of the microbial population. Therefore, they concluded that because rate of bEach value is the mean of three replicates.
~The percentage of AEP fermented was lower (P < .01) when initial AEP concentration was 15.33/.tg/ml compared to 5.4 I.tg/ml. disappearance was faster than could be accounted for by digesta flow alone, AEP probably was degraded, absorbed or metabolized in the ruminal wall. Although Cockburn and Williams (1984) could not correlate AEP disappearance in the rumen with an increase in the AEP content of the microbial population, this does not necessarily mean that ruminal microorganisms are not capable of fermenting AEP, because the AEP may have been metabolized to other products rather than being directly incorporated by the microbes. Metabolism of AEP is not unique to ruminal bacteria. Cook et al. (1978) isolated bacteria from sewage and soil that were capable of using different alkylphosphonates as phosphorus sources. One of the isolates, identified as Pseudomonas putida, grew with AEP as its sole carbon, nitrogen and phosphorus source and released nearly all of the organic phosphorus as orthophosphate and 72% of the AEP nitr0ge0 ~ as ammonia. Biological cleavage of the C~P" bond also has been reported in several species of bacteria (Zeleznick et al., 1963; Harkness, 1966; Rosenberg and LaNauze, 1967; Alam and Bishop, 1969) . The rate of disappearance of AEP (Figure 2 ) was relatively slow (2.63%/11) from 3 to 12 h of incubation compared to that from 12 to 24 h (10.07%/11). The overall rate of AEP disappearance from 3 to 24 h was 7.28%/!1. The lag in AEP fermentation rate from 3 to 12 h could be due 1,012 4 "2-Aminoethylphosphonic acid. beach value is the mean of two replicates. ~98.6% Ophryoscolicidae and 1.4% lsotrichidae.
to an increase in bacterial numbers in the in vitro tubes after 12 h and(or) a shift in bacterial species that favored fermentation of AEP.
The ability of mixed ruminal bacteria to metabolize AEP was encouraging for its use as a protozoa marker. However, AEP was detected not only in ruminal ciliate protozoa but also in mixed and pure strains of ruminal bacteria, some feedstuffs, duodenal digesta and ruminal fluid from defaunated sheep (Tables 3  and 4 ). Concentration of AEP in mixed ruminal ciliate protozoa (98.6% Ophryoscolicidae and 1.4% Isotrichidae) was approximately three times its concentration in DM of mixed ruminal bacteria. Except for the cellulolytic bacteria B. succinogenes and R. flavefaciens, which had lower concentrations of AEP, other bacterial strains examined had similar amounts of AEP. The AEP concentration in DM of mixed ruminal bacteria was slightly higher than in DM of any of the isolated bacteria strains examined. This possibly could be due to higher concentrations of AEP in some strains of ruminal bacteria not examined in this study.
The concentration of AEP in duodenal digesta of faunated sheep (Table 4) was six times that in the duodenal digesta from The occurrence of AEP in feed and bacterial hydrolysates was confirmed by analyzing these samples using the indirect AEP organic phosphorus procedure (Abou Akkada et al., 1968) . Prior to determining AEP phosphorus in feed and bacterial hydrolysates, duplicate samples of known amounts of pure AEP were subjected to similar conditions used for total phosphorus analysis and then analyzed for inorganic phosphorus in order to determine the recovery of the total phosphorus in AEP. Average AEP phosphorus recovery was 98.2%. Rehydrolyzed eluates of both feed and bacteria were both found to contain amounts of inorganic phosphorus similar to those of their original eluates, confirming that the organic phosphorus (C-P bond) in the eluate was inert to acid hydrolysis. Amounts of AEP found in feed and bacterial hydrolysates as determined by the two methods are shown in Table 5 . Quantification of AEP did not differ due to method of analysis. 2-Aminoethylphosphonic acid has been reported to be a major component of natural phosphonates (Horiguchi, 1971) . Although other phosphonates have been reported in a few organisms such as Tetrahymena and Zoanthid, none have been found in feed or bacteria (Kittredge and Roberts, 1969) . It is assumed therefore, that "2-Aminocthylphosphonic acid. beach value is the mean of three replicates.
the organic phosphorus in the feed and bacteria hydrolysates in the present study originated from AEP. The close agreement between the HPLC method and the organic phosphorus method confirms this assumption. The detection of AEP in feed and bacteria in this study is contrary to reports by Abou Akkada et al. (1968) , EI-Shazly et al. (1975) and Dufva et al. (1982) . Reports of the presence of AEP in feed and(or) ruminal bacteria, however, is not unique to this study. Using an automatic amino acid analyzer with a ninhydrin detector, Ling and Buttery (1978) detected substantial quantities of AEP not only in isolated ruminal protozoa but also in mixed ruminal bacteria and dietary material. This was confirmed by Cockburn and Williams (1984) , who used the organic phosphorus technique to assay AEP and reported its presence in mixed ruminal bacteria but not in any of the feed ingredients used in the study. However, preliminary work by Cockburn (1982) , as reported by Cockburn and Williams (1984) , indicated that low concentrations of AEP were present in hay, fish meal, soybean meal and molasses peat. Czerkawski (1974) also detected sizeable amounts of AEP in mixed ruminal bacteria, with small ruminal bacteria having higher amounts of AEP (362 pg/g DM) than mixed ruminal protozoa (315 ktg/g DM). The concentration of AEP in mixed ruminal bacteria measured in our study (1,383 ktg/g DM) is consistent with the range of 1,245 to 1,443 ~tg/ g DM reported by Cockburn and Williams (1984) but higher than the range of 30 to 680 ~tg/g DM reported by Ling and Buttery (1978) and 80 to 362pg/g DM reported by Czerkawski (1974) . The concentration of AEP in mixed ruminal protozoa (4,304 ~g/g DM) determined by HPLC is in close agreement with the range of 3,292 to 4,301 ktg/g DM reported by Cockburn and Williams (1984) but higher than the values reported by Czerkawski (1974) .
The wide variation in reported concentrations of AEP in bacteria and protozoa could be due to the various methods used for the assay of AEP, to the relative proportions of the different strains and species of bacteria and protozoa in their respective mixtures and to the type of diet fed. 2-Aminoethylphosphonic acid concentration varies among species of protozoa (Abou Akkada et al., 1968; Whitelaw et al., 1983) and between small and large mixed ruminal bacteria (Czerkawski, 1974) , and diet influences their proportions (Hungate, 1966) and chemical composition (Meyer et al., 1967) . The detection of substantial amounts of AEP in both mixed and pure strains of ruminal bacteria suggests that AEP must be synthesized by these bacteria.
The amount of AEP in duodenal digesta from defaunated sheep (90 ~tg/g DM) in this study is lower than the range of 120 to 200 ~tg/ g DM reported by Cockburn and Williams (1984) ; they pointed out that the presence of AEP in duodenal digesta from defaunated steers confirms its presence in ruminal bacteria.
The ubiquitous nature of AEP in biological tissues such as protozoa, Coelenterates, Molluscs, Echinoderms, Arthropods, Vertebrates, Schizomycophytes and Thallophytes was reported by Horiguchi (1971) . Detectable amounts of AEP also have been found in goat liver (Kandatsu and Horiguchi, 1965) , bovine brain (Shimizu et al., 1965) , mycobacteria (Sarma et al., 1970) , bile of the bovine (Tamari and Kametaka, 1973) , bovine milk (Tamari and Kandatsu, 1985) and human tissues (Alhadeft and Daves, 1971) . Because AEP has been detected in many biological materials, it is not unusual that AEP was found in substantial quantities in some feedstuffs and ruminal bacteria.
It is concluded that the HPLC technique is a sensitive, rapid and direct method for quantitating AEP. Although free AEP can be fermented by mixed ruminal bacteria, its presence iti'feed and ruminal bacteria precludes its usefulness as an inherent marker for ruminal ciliate protozoa.
